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????????????????????????
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∇× (p∇×Φ)− k20qΦ = 0 (1)
????k0 ????????p?q ? Φ ??? E ?
?????H ????????????
p = 1, q = n2, for Φ = E (2)
p = 1/n2, q = 1 for Φ =H (3)
????????????????????????
????? F ?
F =
∫∫
{(∇×Φ)∗·(p∇×Φ)−k20qΦ∗·Φ}dS (4)
???????????? 1 ??????????
???? Φ?????/?????????????
??????????? {U}???????????
{N}??????????????????????
???????????
Φ =
[
Φr Φθ Φz
]T
=
⎡
⎢⎣
{U}T {φr}
j{N}T {φθ}
{N}{φz}
⎤
⎥⎦ exp(−jβz) exp(−jmθ) (5)
????β ???????????????????
? 1 ????/??????
Fig. 1 Axisymmetric hybrid edge/nodal element.
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dk0
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{φ} − 2β dβ
dk0
[M ]{φ}
+([K]− β2[M ])d{φ}
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= {0}
(7)
??????? {φ}T ????[K]? [M ]?????
????????? (6)????
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{φ}T
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dk0
− β2 d[M ]
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{φ}
{φ}T [M ]{φ} (9)
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c
· dβ
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∣∣∣∣∣
k0+Δk0
− ∂β
∂ai
∣∣∣∣∣
k0−Δk0
2Δk0
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???????????????? 2???????
????????????????????????
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∂Δτg,l
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∂τg,l
∂ai
− ∂τg,0
∂ai
(15)
??????????
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????????????????????????
????????????????????????
????????????????????????
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Nλ∑
j=1
Nl−1∑
l=1
(Δτg,l)
2 (16)
Nλ ?????????Nl ????????????
????????????????????????
ak+1i = a
k
i −K · r−k
1
|∇C|
(
∂C
∂ai
)
(17)
∂C
∂ai
=
Nλ∑
j=1
Nl∑
l=1
2Δτg,l
∂Δτg,l
∂ai
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√√√√ M∑
i=1
(
∂C
∂ai
)2
????k ?????????K?r ???????
??r ?????????????????????
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4. 1 ?????
???????????????????? FMF
??????????? 2 ????????????
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2
i
? 2 MSI-FMF ??????
Fig. 2 Design model of MSI-FMF.
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????????????????????? [5] ?
?????????????? nclad = 1.45?oﬀset =
1.5 μm?ntrench = 1.444235?wtrench = 6.5 μm??
??? a = 12 μm????
4. 2 ???????????
????? 1.55 μm??????????????
?? [5]??????GI-FMF??????????
MSI-FMF ??????? GI-FMF ???????
???????? α = 1.8????????????
?? Δcore = 0.6%???????????????
???????? 10 ???????????? i ?
?????????? ni ??i??????????
??? ri ???
n2i = n
2
1
[
1− 2Δcore
(
ri
a
)α ]
(18)
????????????????????? K ?
???????????????????????
???????????????????????
???????????????????????
K = 8 × 10−3?r = 1.05????????????
???????????????? 300???????
? 3 ???????????????????? 4
??????? DMGD??????????? 5 ?
?????????DMGD??????????? 3
????????????????????????
???????????????????? 4 ???
??????? DMGD?????????????
?????????????????????????
??????? DMGD?????????????
?? DMGD??????????????????
? 3 ????????????????
Fig. 3 Refractive index proﬁle of initial and
optimized structures.
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? 1.55 μm??????? DMGD?Max|DMGD|
???????????????? DMGD????
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????????????????????????
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4. 3 ??????????????
??????????????????????
???????????????????????
? 4 ?????????? DMGD ???
Fig. 4 Variation of DMGD for optimization
iteration.
? 5 ??????????? DMGD ??????
Fig. 5 Wavelength dependence of DMGD of initial
and optimized structures.
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? 1 MSI-FMF ??? 1.55 μm ???? DMGD
Table 1 DMGD of optimized MSI-FMF at
λ = 1.55 μm.
???? ???? [ps/km] ???? [ps/km]
LP11 −402 0.152
LP21 −782 −0.0848
LP02 −782 0.226
Max|DMGD| 782 0.311
? 6 ?? 1.55 μm ????????????????
? (Hy) ??
Fig. 6 Magnetic ﬁeld (Hy) distribution in the
optimized structure at λ = 1.55 μm.
? DMGD ???????????????????
??????????????????????
???????????????? DMGD ???
???????????????????????
???C ???????????????? 1.53?
1.57 μm ?????????? SI ???????
ni = 1.458 (i = 1, 2, · · · , 10)????????? SI
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???????????
???????????????????????
????????????????????????
?????????????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
????????????????????????
???????????? n′i ??????????
n′i = f−1ni−1 + f0ni + f1ni+1 (19)
f0 = 0.9 + 0.098
k
Ns
, f±1 =
1− f0
2
? 7 ???????????????????????
????????????
Fig. 7 Refractive index proﬁle of initial and op-
timized structures considering wavelength
bandwidth.
? 8 ???????????????????????
???? DMGD ??????
Fig. 8 Wavelength dependence of DMGD of initial
and optimized structures considering wave-
length bandwidth.
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?? Nλ = 1??????????????????
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????????????????????????
1200 ?????? 600 ?? 20 ?????????
????? 600 ?????????????????
?????? (17)???????? K = 1 × 10−3?
r = 1.005 ??????????????????
Ns = 300???????
? 7 ????????????????????
??? 8 ???????????? DMGD????
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? 9 ???????????????????????
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Fig. 9 Refractive index proﬁle of initial and opti-
mized structures for graded index design.
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Fig. 10 Wavelength dependence of DMGD of initial
and optimized structures for graded index
design.
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